Cis -isentropic flow velocity; d2 -rotor mean inlet diameter; m -mass flow; N -speed of rotation; PR -pressure ratio; W -work rate; MP -mass parameter; T-temperature; η -efficiency; S.S -suction-side; P.S -pressure side; Cp -pressure loading coefficient.
Introduction
Highly loaded turbocharger turbine blades are damaged by alternating stresses resulting from the excitation forces due to inlet charge stroke and unsteady effects of the stator blade in vast operating points of different load and speed [1] . Some recent researcher tried to increase the aero structural performance by blade outlet angle and blade material [2, 3] . FSI studies get the attention of the several researchers in recent years. Shanechi et al. [4] optimized a 5.7 air pressure ratio single stage radial-inflow turbine applied in the Sundstrand Power Systems T-100 Multipurpose Small Power Unit (MPSPU) by using coupled CFD-FE method. The meridional parameters, tip clearance, and blade thickness distribution were systematically changed to obtain the optimized geometry. Vanti et al. [5] perform an optimization for a three-dimensional blade geometry redesign, taking into account aeroelastic requirements. Their aim was to consider both the aerodynamic and the aeromechanic goals in a multi-objective optimization process to be used during the design phase. Chaochen et al. [6] investigated the forced response mechanisms based on a fluid structure interaction (FSI) method. They found that the maximum dynamic stresses induced by the first two harmonic pressures both are located on the leading edges of the rotor blades. The dynamic stress induced by the first harmonic pressure is considered as the major alternating stress. Wang et al. [7] developed a model based on a one-way coupling of CFD and FEA of a wind turbine. And studied the stresses and deflections. Dai et al. [8] presented a coupled CFD-CSD method for aeroelastic analysis of HAWTs rotor blades and investigated the effects of yaw angle on aerodynamic performance of rotor blades and also the effects of FSI on aerodynamic performance of rotor blades. They found that maximum deflection and stress of rotor blades in yaw conditions increased. Rafiee et al [9] performed a Fluid-structure interaction analysis of a wind turbine blade and determined Static and dynamic responses of the blade at the important wind speeds. They investigated the effects of aeroelasticity on output power generation. Carrion et al. [10] presented static and dynamic aeroelastic analyses for wind turbines and analyzed the effect of the torsional stiffness on the aerodynamics. The dynamic CFD-CSD method was applied and substantial blade deformations were observed at high wind speeds. Ok Yu et al. [11] presented A coupled CFD-CSD method for aeroelastic analyses of HAWT rotor blades and investigated the effects of blade deformation on the rotor blade airfoils. Following related studies in the field [1, 12, 13] , blade deformations are negligible, and aerodynamic forces can be computed with the assumption of a nonvibrating solid structure. So one-way coupling on turbocharger turbine blade could be efficient. For investigating the thickness effects of radial turbocharger turbine blades in this work, a correlation proposed by Aungier was implemented [14, 15] . The main question of this essay is to illustrate the influence of the blade thickness and its distribution from leading edge to trailing edge on the blade performance and aerostatic behavior of a double entry turbocharger turbine. This is done by a 3D computational model efficiently coupled with FEM model which allows prediction of fluidstructure interactions in turbocharger turbines with stationary turbine inlet conditions. The computational domain consists of a whole turbine which is shown in Fig. 1 . Table 1 records some geometry characteristics of the rotor and the nozzle [15] . 
Computational analysis
The computational analysis was performed using the ANSYS CFX V.17 CFD package. The boundary conditions, Pressure (total at inlet and static at outlet) and temperature were taken from measurements from experimental. After validation of the model with profile a, it was applied for the four other blades profile at the design point. Profile "a" was related to a mixed turbine which was tested by Copeland et al. [15] . Profiles e and d have the similar camber line with profile "a" but different thickness distribution. Profile b and c thickness distribution were defined by the direct method proposed by Aungier [14] and some other limitations. In Fig. 2 thicknesses distribution parameters are depicted. Where is the maximum blade thickness, 2 is the leading edge blade thicknesses distribution, 2 is the trailing edge blade thicknesses distribution and c is the chord length. Dividing all parameters by chord length leads to generate airfoil thickness in dimensionless form. Fig. 2 Blade thickness characteristic [12] In which:
;,
For airfoil cooling and blockage considerations, stress and tolerance limitation, the trailing-edge thickness should not be less than 0.375 mm which restricts rotor blade count [16] . The trailing-edge blockage definition is the ratio of the trailing-edge tangential thickness b to the blade or vane spacing s which should be kept less than 0.1 for avoiding performance drop [14] . Where Z is the blade number. The blades thickness characteristics and shape of profiles are depicted in Table 2 . Fully turbulent flow was assumed because of Reynolds number was calculated as 6×10 5 at the stator inlet. For turbulence modeling the K-ϵ was used. A whole turbine steady state model which include the double entry volute, stator, rotor and a diffuser was used with a frozen rotor interface between rotational and non-rotational domains [17] . The RMS residual convergence was imposed to 1×10-5, this is a good convergence by CFX [17] , in some cases the convergence was set as low as 1×10-7. Y+ values were obtained lower than 6. Minimum cell angle of all domains was 15 degrees. A structured mesh was generated for the rotor and stator using TurboGrid-11. In the tip clearance gap at least ten nodes were assumed. Different cell numbers were used to find the most proper mesh density; specification of trials for rotor and stator are depicted in table 3. Between the imposed grid resolutions, trials 4 and 5 show the least variation in efficiency and mass flow, although, there is a significant difference in their CPU time. So, as a compromise between the accuracy, grid independence and computational cost, mesh size in the fourth row of Table 3 was selected. 
Comparison between experimental and numerical results
The results were validated by the experimental measurements of Copeland et al. for both mass flow parameter and efficiency in full admission case [15] . These characteristics with their definition are introduced as:
The corrected mass flow parameter: 
The velocity ratio:
The total to static isentropic efficiency: 3 Comparison of (a) computed and measured pressure ratio against mass flowrate(b) computed and measured efficiency against velocity ratio Fig. 3 shows the comparison between relative mass parameter versus total-to-static pressure ratio and total-tostatic relative efficiency against velocity ratio with experimental data in full admission case. The pressure ratio varied from 1.3 to 2.5 which was equal to velocity ratios ranged from 1.12 to 0.6. Mass flow characteristic of the model coincides the experimental data well. Less than 8 percent discrepancy can be seen at lowest pressure ratio while at higher pressure ratio this is 1 percent. In the lower efficiencies, the enormous uncertainty in the experimental results which can be as high as ±5%, leads to more discrepancy [15] .
Results and discussion
The selected plane for showing the Mach number is shown in Fig. 4 , a with yellow color. This plane has constant span in all the blades and is unwrapped in blade to blade view (Fig. 5, Ⅰ) . In Fig. 4 section b the Mach distribution around the blade at equal admission in 53344 rpm and pressure ratio of 2.2 shows a bow shock before the airfoil, where the Mach number is dropped suddenly through it. Also near the trailing edge there is a weak shock which caused another drop in Mach number. On both pressure and suction surfaces shock cause a drop in Mach number and after that on the pressure surface, Mach number is increasing with decreasing the passage area and after reaching to sonic condition at throat, it decreases. At the trailing edge a weak shock is happened which cause another drop in Mach number of pressure surface, also it reflects to the suction surface of the near blade and caused the Mach reduction on suction surface too. On the suction surface after subsonic diffusion in shock region the boundary layer is separated and a separation bubble is formed which is stretched to the throat region. After that the flow accelerate continuously because the fluid velocity increases by interaction with the surrounding high momentum flow. At the trailing edge the Mach number is decreased because of the pre mentioned weak shock of the pressure surface of the next blade. In profiles b and c with thicker leading edge the drop in Mach through the bow shock is higher also the separation bubble on the suction surface because of higher d (the place of maximum thickness) is smaller. Also there are several sharp drop in Mach number on the pressure surface because of small discontinuities on the surface curvature. In all profiles, Mach number in lower spans is higher, and it decreases as moving to higher span layers. The most uniform flow vectors are related to the profiles e and d. Profile "a" and "d" have the highest Mach number among the all. The meridional variations of loaded force on turbine blade are shown in Fig. 6 for each point of the rotor blade. With thickening the leading edge, the loaded force reduced a little but thickening whole the blade significantly decreased the loaded force. . Von misses stresses of all cases are shown in Fig. 7 . Maximum stresses are found to exist near the hub next to the trailing edge. Profile "b" due to the thin trailing edge and thin max thickness had the highest stresses.
Results showed that thickening the trailing edge is more effective in decreasing the stresses in comparison with tmax. Variations of turbine mass flow, efficiency and maximum stresses in different blade profiles are shown in Table 5 . Aerodynamic efficiency decreased with thickening the blades. The place of tmax.. is more effective than decreasing thickness also leading edge thickness is the most important parameter in defining efficiency.
Profile "c" has less efficient than all profiles because of the longest d and the thickest tmax.. Profile "b" has lower mass flow because of thicker leading edge. The best efficiency is obtained by profile "d" with the thinner blade, thin leading edge, and closer place of tmax. relative to leading edge and also thin cut off trailing edge Stress is concentrated in the trailing edge region, so the profiles with thicker trailing edge have lower stresses, although profile c is thicker than profile e but due to the thinner trailing edge illustrates higher maximum stresses. Profile "d" is thinner than profile "b", but because of thicker trailing edge has lower max stresses. Fig. 7 Von Misses stress in all the blades 
Conclusions
This research investigates the thickness effects on the blade performance in double turbocharger turbine in full admission condition by a FSI model. The most effective change for rising the performance, was reducing the leading edge thickness. The best efficiency is related to a profile with thinner blade, thin leading edge, closer maximum thickness location to the leading edge and thin cut-off trailing edge. Thickening the trailing edge is more effective in decreasing the stresses compared to the tmax.. Also:  Thicker leading edge leads to more drop in Mach number through the bow shock.  Higher distance of maximum thickness location from the leading edge caused the smaller separation bubble on the suction surface.
